Abstract-Silicon microdosimetry measurements in Fast Neutron Therapy were simulated using the GEANT4 Monte Carlo toolkit. The possibility of using silicon microdosimeters for verification of Monte Carlo based treatment planning systems in hadron therapy is demonstrated.
I. INTRODUCTION
T HE biological effects of densely ionising radiation, as encountered in hadron therapy, cannot be predicted from the Absorbed Dose and several radiobiological models have been developed to address this issue [1] - [5] . These models require detailed information on the nature of the mixed radiation field for calculation of biological effect. This information is readily available from Monte Carlo calculations which may accurately model the mixed radiation field present with a patient during hadron therapy. Monte Carlo calculations for treatment planning purposes may be performed in a reasonable time by exploiting parallel computing techniques [6] .
The ideal method for treatment plan verification is to study some biological end point such as cell survival and it's 3D distribution obtained in a heterogeneous phantom. A preliminary study for the verification of carbon ion therapy treatment planning with 2D cell survival distributions is given in reference [7] . These studies are time consuming and dosimetry measurements are necessary to routinely verify the model of the mixed radiation field in the patient. The measurement of Absorbed Dose alone may not be suitable if Dose is not indicative of biological effect. Ideally one would like a spectroscopic technique to measure the energy spectrum of all charged particles at the point of interest. This paper proposes the use of silicon microdosimeters which are sensitive to the LET spectrum of the charged particles.
Silicon microdosimetry was initially developed in the space radiation effects community [8] and was subsequently applied to conventional microdosimetry studies in hadron therapy applications [9] . A prototype silicon microdosimeter was developed which consists of an array of microscopic pn junctions fabricated on varying thicknesses of Silicon-On-Insulator (SOI) wafers. This array is reverse biased (at 10 V ) and coupled to a charge sensitive preamplifier which produces a voltage pulse with amplitude proportional to the LET of each particle crossing the microdosimeter. Measurements were performed in proton therapy [10] , Boron Neutron Capture Therapy [11] , and Fast Neutron Therapy (FNT) [12] . In these studies the aim was to develop a silicon detector to replace the Tissue Equivalent Proportional Counter (TEPC). The aim of this paper is to simulate the silicon microdosimetry measurements performed by Bradley et.al [12] , [13] in FNT to demonstrate the possibility of using such measurements to verify Monte Carlo calculations.
II. METHODS

A. Experiment
Measurements were conducted at the Gershenson Radiation Oncology Center (described in reference [14] ). A probe containing the microdosimeter was placed at depth in a water phantom which was irradiated by the neutron beam. Ionisation energy deposition events resulting from subsequent secondary charged particles were monitored and stored as an MCA spectrum. In these experiments a 2 µm thick SOI device was used at 10 cm depth on the central axis of the beam, and a 10 µm device was used at depths of 10 cm and 2.5 cm.
The results of these measurements were compared to microdosimetry spectra measured with a 2 µm simulated diameter TEPC. The energy deposition event spectra recorded by the silicon microdosimeter were converted to dose weighted lineal energy spectra. After scaling of the mean chord length the microdosimetric spectra were seen to agree with that of the TEPC. The tissue equivalence of the measurement is valid only if the secondary particles field is dominated by one species and only if "starting" particles, those resulting from neutron interactions in the silicon volume, can be ignored. The work suggested further investigation into the importance of neutron interactions in the silicon volume.
B. Simulation
The simulation was written in C++ using classes which inherit behaviour from base classes of the GEANT4 Monte Carlo toolkit [15] . These classes were used to model different aspects of the simulation such as; geometry, primary beam, physics of interaction, and actions carried out at the end of each particle history for analysing events. The geometry used in the simulation is given in figure 1 and follows closely the geometry of the experiment. Ion beam induced charge collection experiments with ion microbeams showed the charge collection efficiency of the microdosimeter varies with the location of the ion strike on the device [16] , [17] . At an operating bias of 10 V the average CCE was found to be 0.8 for ions with LET in the range 20 − 820 keV /µm. The silicon sensitive volume is consequently modelled as a single right angled parallelapiped of dimensions 4800×1600×10 µm 3 with a charge collection efficiency of 0.8. The geometry of the device overlayer is simplified to a SiO 2 RPP of lateral dimensions identical to the sensitive volume and with a thickness of 1 µm. The 300 µm air gap was modelled, as was the 3.5 mm perspex converter, 0.4 mm thick aluminium shield, 6 mm probe holder, and a 25 mm thickness of water corresponding to the depth of measurement. The lateral dimensions of these volumes were twice the width of the silicon sensitive volume. All materials are defined in terms of elemental compositions and in turn all elements are defined in terms of their isotopic abundances.
In the experimental situation the field size of the neutron beam is 10 × 10 cm 2 , however for the simulation this was not feasible owing to a restriction on computation times. The neutron beam was modelled to be normally incident on the surface of the water phantom with lateral dimensions twice that of the microdosimeter array. The neutron energy distribution for the Detroit facility was obtained from a study by Bohm et.al. [14] and is shown in figure 2. For each neutron history of the simulation the energy was randomly sampled from this distribution. The initial neutron position is randomly sampled on the surface of the phantom. This model of the primary beam ignores the production of the neutron beam and the interaction of the beam with modifying components. A total of 10 8 neutrons were used for each simulation.
Each neutron is transported taking into account elastic scattering on nuclei. In the neutron energy range E > 19.9MeV cross sections and end states are calculated using the G4LElastic model. For energies in the range E < 19.9 MeV point wise evaluated nuclear cross section data is used and Gamma photons are also transported through the simulation geometry. Interactions of gammas with atomic electrons are modelled with the G4ComptonScattering model for compton scattering and the photoelectric effect with the G4PhotoElectricEffect model.
Electrons are transported through the geometry taking into account scattering on atomic electrons (G4MultipleScattering model), ionisation of atomic electrons (G4eIonisation model), and Bremsstrahlung losses are taken into account (G4eBremsstrahlung model).
Protons are transported taking into account elastic scatter interactions with the G4MultipleScattering model. Ionisation of atomic electrons is also modelled (G4hLowEnergyIonisation). Recoiling nuclei produced in elastic scatter interactions and reaction products from inelastics reactions also use these models. A complete description of the physics models used in the simulations may be found in reference [15] .
If a charged particle is produced with a residual range in the material less than a default cut value of 10µm then the particle is not tracked. In this case the particle is assumed to deposit it's entire energy at the point of interaction.
If a charged particle traverses the sensitive volume of the detector then the ionisation energy lost in the sensitive volume is calculated. Energy lost in the sensitive volume is assumed to be equal to energy deposited and the energy deposition event is tallied. In this situation the statistics of electron hole pair generation are ignored. For each particle crossing the sensitive volume the atomic number and mass of the particle is tallied. Whether the particle stopped in, crossed, or started in the sensitive volume is also determined.
An application was written in C++ to analyse the output of these simulations. A frequency distribution of all energy deposition events, f j , was formed. This distribution was convolved with a gaussian distribution of variance σ = 5 keV to allow for the electronic noise of the detector electronics;
Where i is the energy values corresponding to bin i of the frequency distribution.
As the magnitude of energy deposition can span several orders of magnitude the linear binned spectrum was logarithmically binned with 10 bins per decade, covering energy deposition from 1 keV − 5 MeV .
III. RESULTS AND DISCUSSION
Experimental results are only observed above the low noise threshold of 10 keV of the microdosimeter probe. The Amptek Pocket MCA-8000 used in these experiments is known to exhibit anomolous behaviour at high count rates of pulses with amplitude below the threshold level. This results in pileup of these pulses which register as counts above the threshold. Experiment and simulation results are normalised accordingly to events greater than 20 keV , twice the threshold level. As a quantitative measure of the agreement between simulation and experimental results, a fitness parameter F is defined as the sum of the differences squared for the bin range [i t , n];
Where n is the total number of bins, i t is the bin corresponding to 20 keV , and f and g are the simulated and experimental distributions. Figure 4 shows the experimental and simulated spectra of energy deposition events for the 2 µm device. Good agreement is observed between experimental and theoretical curves with a fitness factor, F = 2.17 × 10 −5 . A spectrum is formed for each component of the secondary charged particle field to understand the relative contribution to the total spectrum (figure 5). The spectrum is dominated by recoil protons with a smaller contribution from carbon and other recoils and alphas. A continuum corresponding to recoil silicon nuclei is clearly evident. At the bin corresponding to the peak position, the ratio of silicon recoil events to recoil proton events is approximately 1 × 10 −3 . To study the importance of neutron inelastic reactions in the silicon volume a spectrum is formed for particles which started in, stopped in, or crossed the microdosimeter. Results are shown in figure 6 . These results show a significant contribution from starting and stopping particles, the significance of which is greater for higher energy deposition events. At the bin corresponding to the peak position, the ratio of stopping and starting events to crossing events is approximately 1 × 10 −3 .
A. 2 micron device
0-7803-8257-9/04/$20.00 © 2004 IEEE. Figure 7 shows the experimental and theoretical spectrum of energy deposition events for the 10 µm device. Again the results are normalised to the total number of events above 20 keV . In this situation there is significant discrepancy between experimental and theoretical curves in the interval 10−50 keV . This is reflected in the fitness factor, F = 1.28 × 10 −4 which is higher than for the 2 µm device. Again this spectrum is decomposed into relative spectra for each component of the charged particle field ( figure 8 ). This spectrum is dominated by recoil protons with a smaller contribution from carbon ions and other recoils. The recoil silicon continuum is greater than the 2 µm device. At the bin corresponding to the peak position, the ratio of silicon recoil events to recoil proton events is approximately 1 × 10 −2 . This effect is a result of the increased device thickness and hence higher probability of neutron interaction in the sensitive volume. Additionally the relative contribution of carbon recoils is less than that for the 2 µm device. The discrepancy observed at lower energy deposition events may be attributed to the pileup of sub-threshold events.
B. 10 micron device
Again spectra were formed for particles which started in, Fig. 8 . Energy deposition event spectrum for 10 µm SOI device decomposed into spectra for each atomic number. Fig. 9 . Energy deposition event spectrum for 10 µm SOI device decomposed into spectra for crossing, starting, and stopping particles.
stopped in, or crossed the microdosimeter. Results are shown in figure 9 . At the bin corresponding to the peak position, the ratio of stopping and starting events to crossing events is approximately 1 × 10 −2 . These results show an increase in the significance of starting and stopping particles compared to the 2 µm device.
IV. CONCLUSIONS
Simulations of silicon microdosimetry masurements in FNT were performed using the GEANT4 Monte Carlo toolkit. Simulation results were seen to compare favourably with experimental results. A discrepancy was observed for the 10 µm device which is most likely due to the pileup of sub-threshold events. Future simulations should be performed to model the beam production and modification in detail and to investigate the fault in the multi channel analyser. To confirm the notion of pile up of sub threshold events, a pileup model should be incorporated into the simulation.
Simulation results were analysed to study the importance of particles originating from neutron interactions in the silicon 0-7803-8257-9/04/$20.00 © 2004 IEEE.
volume. This was seen to be significant for both 2 µm and 10 µm results. If the silicon microdosimeters are being applied in the conventional sense of microdosimetry, these results show this effect may inhibit it's ability to provide tissue equivalent measurements. However if the silicon microdosimeters are being applied in the sense of verifying the Monte Carlo calculation then neutron interactions in the silicon volume are not important.
This paper demonstrates how a non-tissue equivalent detector may be used for the verification of Monte Carlo calculations in hadron therapy. Further development of silicon microdosimeters is being conducted [12] as is the investigation of silicon detectors which are sensitive to ion strack structure. Future experiments should be performed in heterogenous phantoms with materials of composition similar to tissues.
